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2ABSTRACT
This thesis represents a study of the following prob­
lems. (1) Determination of techniques and equipment which 
would give satisfactory correlation of experimental heat 
transfer coefficients with those obtained from acceptable 
heat transfer equations when using an induction heater as 
the heat source. (2) Determination of depth of energy de­
position in a thick-walled tube due to induction heating.
Techniques were developed that gave a correlation be­
tween experimental and calculated coefficients that were 
within -5$ for minimum flow and +Q% for maximum flow.
Because of difficulties in positioning thermocouples, 
the depth of energy deposition could not be accurately 
determined. However, two surface temperatures obtained 
during one run indicated that induction heating at this 
frequency (9600 cps) was a surface phenomena rather than
volumetric
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9I. INTRODUCTION
The principal objective of this investigation was to 
determine if good correlation could be developed between 
experimentally determined heat transfer coefficients using 
an induction heater as a heat source with coefficients calcu­
lated from any of the well accepted heat transfer coefficient 
equations. If this correlation could be established, the 
same equipment, and procedures could be utilized in graduate 
heat transfer course work.
A secondary objective of this study was to determine 
qualitatively the energy deposition in the thick-walled iron 
pipe. Since the induction heater was used as the energy source 
for heat generation, the heat is generated directly in .the 
pipe wall by the transformation of electrical and magnetic 
energy into thermal energy. Consequently, it was decided to 
determine if possible where this transformation occured by 
comparing internal and external pipe surface temperatures.
If depth of energy deposition could be determined it might 
permit the calculation of internal temperatures by using ex­
ternal pipe surface temperatures.
In setting up this experiment it was decided to use the 
Wheelco recorder to monitor temperatures, thermocouples to 
measure the temperatures and the induction heater as a heat 
source.
In evaluating the heat transfer coefficient, the temper­
ature difference across the fluid film must be determined,
10
which means that the inside pipe surface temperature must be 
known. In order to measure the tube inner surface tempera­
ture, the outer surface temperatures of a copper tube, which 
was soldered to the inside surface of an iron pipe, were 
measured. It was assumed that the temperature drop through 
the wall of the copper tube would be negligible. The princi­
pal difficulty in locating a thermocouple on the inner sur­
face of any pipe Is that It is extremely difficult to do so 
mechanically. Also, such a configuration could disturb the 
fluid film and consequently would probably indicate some 
value other than the true surface temperatures.
The iron pipe shield was used on the copper tube to pro­
vide a medium for heat generation. The assumption was made 
that the energy of the Induction coil would be completely 
absorbed by the thick-walled iron pipe thereby minimizing 
any heating effects in the wall of the copper tube.
The space between the iron pipe and the copper tube was 
filled with solder to provide a good surface contact between 
the iron pipe and copper tube.
Cistern water was used as the cooling medium because of 




A1 Plow Area Ft2
A2 Heat Transfer Surface Tube
Inner Wall Ft2
A3 Heat Transfer Surface Tube
Outer Wall ct
Cp Specific heat at constant
pressure Btu/Lbm-°F
d Fluid density Lbm/Ft3
D1 Inside tube diameter Ft
D2 Outside tube diameter Ft
D3 Outside pipe diameter Ft
dt/dx Temperature Gradient °F/Ft
f Frequency Cycles per sec
G Mass Velocity Lbm/Hr-Ft2
h Experimental heat transfer
coefficient Btu/Hr.-Ft2-°F
hl Dittus-Boelter Heat Transfer
Coefficient Btu/Hr.-Ft2-°F
h2 Colburn Heat Transfer Coefficient Btu/Hr.-Ft2-°F
h3 King Heat Transfer Coefficient Btu/Hr.-Ft2-°F
k Thermal Conductivity Btu/Hr.-Ft-°F
L Length of specimen Ft
Nu Nusselt Number Dimensionless
Q Heat Transfer Btu/Hr.
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III. REVIEW OP LITERATURE
HEAT TRANSFER COEFFICIENTS
A. Conduction Through Solids.
When a temperature gradient exists in a solid, heat will 
flow in the direction of decreasing temperature (1). By experi­
mental methods, investigators have determined that the quanti­
ty of heat that flows through a solid per unit area is a 
linear function of the temperature gradient and some property 
of the material. This property was given the name ’Thermal 
Conductivity* usually symbolized as (k). Every material has 
its own k and in general every material that is a good conduc­
tor of heat is also a good conductor of electricity. Heat 
conduction is an intermolecular transfer of energy from mole­
cules having greater kinetic energy to those having less. (2). 
In metallic solids the flow of free electrons is the primary 
mechanism of heat transfer by conduction. (3).
B. Convection in Fluids
Convection is the mechanism of transporting heat from one 
point to another by virtue of the movement of the fluid it­
self. (*f). While heat is also transported through fluids by 
conduction this mode of heat transfer is usually considered 
negligible unless the fluid velocity approaches zero. In a 
sufficiently large fluid system with a reasonable temperature 
gradient, even though the fluid system has zero flow velocity, 
the mechanism of convection will normally render conduction 
of no consequence, i.e. If a pan of water is placed on a
hot stove convective currents may he observed almost 
immediately.
C. Transfer Of H at Between Solids and Fluids
Heat •will be transferred through a solid by conduction 
and, if the fluid is still and the temperature gradient is 
small, is transferred into the fluid by conduction. If the 
fluid is moving either due to forced flow or flow caused by 
a difference in fluid density there exists a lay r of fluid 
adjacent to the surface that has negligible velocity. This 
layer is called the boundary layer. Heat interchanges between 
this layer and the solid surface are by conduction while the 
heat interchange from the fluid side is by convection and con­
duction (5)* In the majority of fluid flow Installations the 
fluid flow is turbulent.
>
Figure 1.
TURBULENT FLOW OF FLUID ADJACENT TO A SURFACE 
Fluid flow is termed turbulent if there is a mixing effect 
(eddy currents) within the main body of the fluid. In the 
figure, 0-A represents the boundary layer, A-B represents a 
zone called the buffer zone, and above B, the flow is con­
sidered to be turbulent. The actual existence of the turbu 
lent region and the laminar boundary layer have been demon-
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strated satisfactorily enough that they are now accepted 
phenomena. The buffer zone is a varying layer because of 
eddy currents of vortex variations in the turbulent zone (5)« 
By dimensional analysis, a large number of investigators 
have attempted to relate the heat transfer coefficient or film 
conductance to the other known physical properties of the sys­
tem. The usual approach is to relate certain physical values 
into dimensionless groups and determine the functional ex­
pression by means of dimensional analysis. The fundamental, 
dimensions are length, time, heat, and temperature. Three of 
the most familiar dimensionless groups common in the heat 
transfer and fluid flow are known as the Reynolds Number (Re), 
Prandtl Number (Pr), and the Nusselt Number (Nu). Where,
VZ>/°Reynolds Number - —p — ' G O• * 7 r CO
/f JLf




the most successful dimensionless equation is the following 
form.
Nu «  f> { R t f C P j  &
y and z are then determined by experimental methods.
The equation that has the best acceptance for describing 




At moderate temperature differences between fluid temper­
ature and wall temperature the average temperature may be used 
to evaluate the fluid properties. A uniform procedure for 
selecting the temperatures at which the physical properties of 
the water are to be selected has not been attained (5). When 
the difference between the temperature and the average tube 
temperature is considered significant an intermediate value is 
chosen and designated as film temperature (T^ .). One of the 
most widely accepted methods of determining Tf in nonviscous 
fluids is:
Considerable investigation has been made into the matter 
of precisely determining the physical characteristics of 
fluids at various temperatures (6) (7). Water because of its 
wide range of application has the best group of data on its 
physical characteristics. When tne Reynolds number exceeds 
10,000 A. P. Colburn has modified the Dittus-Boelter Equa­
tion by changing the* exponent on the Prandtl number from .4 
to 1/3. It has been well enough accepted to be identified as 
the Colburn equation (8):
~T.} s /? t 7 4
The King equation (2)
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is an equation that usually gives a close approximation of h. 
Advantages are that for a given pipe or tube size, there are 
only two independent variables (Velocity and average temper­
ature). This equation is applicable for water temperatures 
up to 180°F.
INDUCTION HEATING
The principle, of induction heating is basically the same 
as that of a transformer. The inductor, coil, or primary has 
placed within its confines the secondary which is the mater­
ial to be heated. When the inductor is energized with alter­
nating current, the current sets up magnetic lines of force (9). 
These lines of force obey the ’right hand* rule which states: 
if the thumb of the right hand points in the same direction 
that the current is increasing the fingers will encircle the 
conductor in the same direction as the magnetic lines of force.
Figure 2. - Magnetic flux around a current 
carrying conductor.
Conversely a conducting material when it is cut by the lines 
of magnetic force has induced within it a current that always 
opposes the inducing current. The induced currents in the 
material or secondary, therefore, tend to flow parallel to 
primary currents but in the opposite direction. These induc­
ed currents (eddy currents) flowing through the material 
encounter resistance of the material and this results in heat 
being generated within the volume of the material.
When a conducting material is influenced by rapidly
18
changing current there is a manifestation of the phenomenon 
known as 'skin effect'. Skin effect is the tendency for in­
duced currents to concentrate at the surface nearest the coil 
as the frequency is Increased (10). Induction heating is 
utilized primarily by the metal working industries. Because 
of the skin effect it Is possible to surface harden items by 
rapid heating of the surface and quenching without adding 
appreciable heat to the inner portion of the items. An 
example of this1 would be the case hardening of gear teeth.
An equation for approximating the depth of penetration is:
S « 3,170
At the depth St approximately 85# of the input energy has 
been converted to heat. The following table lists depth of 
penetration at different frequencies for some of the common 
materials (ll).
TABLE NO. 1
5 in inches for Various Materials
Material Frequency - Cycles Per Second
60 1000 10,000 100,000 1,000,000
Graphite 10.1 2.5 178 .25 .08
Iron (Molten) 4.3 1.1 .33 .11 .03
Copper (Molten) 1.4 3.5 .11 .03 .011





There are three basic types of commercial induction heat­
ing apparatus, the motor-generator set, the spark-gap convert­
er, and vacuum-tube oscillators.
The motor-generator set has a maximum frequency limita­
tion of about 10,000 cps. These sets are utilized in melting, 
preheating, and deep hardening.
THERMOCOUPLES
The thermocouple is based upon the thermoelectric effect 
known as the Seebeck effect. This phenomenon refers to the 
production of an emf when two dissimilar metals have their 
junctions at different temperatures (12). By inserting a 
potentiometer into the circuit and measuring the emf when the 
junctions were at known temperatures a correlation between 
emf generated and temperature has been established.
Pig. 3 BASIC THERMOCOUPLE CIRCUIT 
The above figure is the basic thermocouple circuit diagram.
To preserve continuity of data the practice is to maintain 
one of the junctions at a known and reproducible temperature, 
i.e. the melting point of ice, boiling point of water, boil­
ing point of oxygen, or freezing point of gold (13). In the
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measurement of temperatures in the range of 0 - 500°P the 
melting point of ice is usually selected. The emf, or differ­
ence of potential between the two junctions can then be direc­
tly related to the difference in temperature between the two 
junctions.
The four most commonly used thermocouple combinations 
are: platinum-rhodium, chromel-alumel, iron-constantan, and 
copper-constantan. Practically any two dissimilar metals 
could be used for a thermocouple (12). At a temperature of 
200°F the platinum-rhodium thermocouple has an emf of 0.595 
millivolts; the chronel-alumel thermocouple, an emf of 3.62 
millivolts; the iron-constantan, an emf of 4.91 millivolts, 
and the copper-constantan thermocouple has an emf of 3.967 





The quantity of heat (Q) crossing a unit area in unit 
time in a substance of uniform thermal conductivity (k) and 
along a temperature gradient (dt/dx) can be calculated by 
the Fourier equation -
When the flow of heat is considered across a fluid film, 
equation (10) is written in the following form:
whereat represents the difference between the temperatures 
at the two film surfaces and A  x represents the film thick­
ness. In problems of heat transfer where k and A  x are not 
the principal factors of consideration, they are usually 
combined into a single property (h) which is known as the 
film conductance or heat transfer coefficient. Equation
(11) may then be written in the form:
The film coefficient (h) is then a measure of the heat 
transfer capabilities of the film, and is stated in terms 
of heat units per unit time per unit area per unit temper­
ature difference. The thermal conductivity (k) is stated 
in terms of heat units per unit time per unit area per unit
( 10)
(1 1)
( 1 2 )
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temperature gradient. If the film coefficient is examined it 
is found to be inversely proportional to the film thickness. 
Therefore a fluid film tends to retard the flow of heat.
In determining whether fluid flow is laminar or turbu­
lent investigators use the dimensionless modulus known as the 
Reynolds Number. The observation was made that when the 
Reynolds Number is greater than 2000 the flow became turbu­
lent. This is not an exact relation however. By artificial­
ly varying certain physical features, particularly using a 
very smooth pipe surface it has been possible to maintain 
laminar flow to Reynolds Numbers in excess of 3000. Investi­
gators consider the Reynolds Numbers 1900-2300 to be the 
transitional region between laminar and turbulent flow. Be­
yond 2300 the flow is usually turbulent.
For turbulent flow (Re>2300) the film conductance, h, 
is computed from a semi-imperical relationship developed by 
Nusselt by dimensional analysis,
The quantity on the left side of the equation is the Nusselt 
modulus, the quantity raised to power a is the Reynolds modu­
lus and that raised to power b. is the Prandlt modulus. Con­
stant a, b, and c are determined by experiment. One of the 





where b = .4 for heating and b = .3 for cooling.
The experimentally determined film coefficients are dif­
ficult to duplicate from one experiment to another. This 
difficulty is related to the assumptions that are made regard­
ing temperature distribution and velocity distribution 
throughout the fluid. At best the expressions regarding these 
distributions are only good approximations. Hence the state­
ment "if you can get a correlation that is within 20 percent 
it is an acceptable one".
PROCESS COOLANT WATER
In previous heat transfer work using the induction heat­
er, water from the Missouri School of Mines power plant was 
used as the medium to transfer the heat away from the test 
specimens. The principal objection to this water was that 
the inlet temperatures were between 160°P and 170°F. The 
surface temperature could not exceed local boiling tempera­
ture and maintain the desired flow characteristics. Because 
of this limiting feature of the coolant water the maximum 
temperature change of the water was small, usually between 
one and three degrees.
The following features were considered essential in the 
coolant water used in this experiment.
1. Reasonably free of air or other gasses.
2. Low temperature.
3. Constant temperature.
The power plant water satisfied needs 1 and 3.
The cistern of the Mechanical Engineering Building is 
maintained at a depth of six feet. This cistern contains 
sufficient water for all of the Mechanical Engineering Depart 
ment power plant laboratory work. Because of the quantity of 
water being held and that the storage area is below ground 
surface, the cistern water was considered to be an excellent 
source of low temperature and constant temperature coolant. 
This water was kept in continuous storage and additions made: 
only when the water level was at the minimum. Because of 
this continuous storage this water was considered to be rela­
tively free of gases*. The cistern water was used throughout 
this study to cool the test specimen and the observed temper­
ature variations were less than one degree F.
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COORDINATION OF EQUIPMENT AND 
DEVELOPMENT OF TEST PROCEDURE
The Wheelco recorder used to monitor temperatures in 
this study was converted from a 32°F to 1500°F full scale 
indicator to a 0 to 10 millivolt, or, using iron^constantan 
thermocouples, a 32°F to 367°F indicator full seale. This 
was done in order to facilitate reading of temperatures fStfdm 
the chart.
After modification of the recorder, it would not print 
a proper value when a known signal was fed into it through 
the thermocouple connections. This was corrected by operat­
ing the instrument with the test panel and by-passing the 
built-in reference junction. (Fig. 4) In by-passing the 
built-in reference junction a separate reference circuit was 
added. The new reference circuit consisted of a thermo­
couple placed in a series with the input signal circuitry 
and immersing it in an ice bath. The ice bath consisted of 
a thermos bottle partially filled with ice and water. (Fig. Jfcb)
Two capacitors were installed, one in each lead of the 
reference circuit and were grounded. This was done to bleed 
off any extraneous emfs that might be generated by the in­
duction coil in the thermocouple. “These capacitors reduced 
the electrical noise in the input signal.
At one point during the checkout of the recorder, the 
low voltage (negative) iron leads of the input thermocouples
(a) ecorder Circuit With Built-in Reference Junction (cj)
(b) Recorder Circuit With Built-in Reference Junction (cj) Bypassed 
And Ice-Bath Reference Junction And Capacitors Added
Rig. 4 ecorder Circuit
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were grounded to the meter case. The case in turn was 
directly connected to the test section. All of the read­
ings were then in error by a factor of approximately 15°F.
By starting and stopping various combinations of the apparatus, 
used in this test, it was definitely established that when 
the water flowed through the test section it drove the record­
er upscale. The flowing water apparently was generating an 
emf of about „3 millivolts. When the ground connection be­
tween the meter case and thermocouple was removed, the record­
er printed accurately.
At the beginning of the preparation of the recorder for 
the test, the negative terminals of all the thermocouples 
were connected to a common junction. Because of difficulties 
in checking out the recorder the negative terminals were all 
reconnected separately. It was not definitely determined 
whether the thermocouple negative leads connected to common 
Junction was a source of error.
A test was conducted to see if the induction heater was 
generating any extraneous emfs in the thermocouples. The 
test consisted of connecting a two turn copper coil to the 
induction heater. The axis of the coil was in the vertical 
position. A 500 ml beaker with a small block of steel in it 
was filled with water and placed in the coil. The induction 
heater was started and the powerstat adjusted until the water 
began to boil. A thermocouple Junction was immersed in the 
boiling water and the recorder indicated 2l0°F. From this
28
simple experiment, it was concluded that the induced volt­
ages in the thermocouple by induction heater did not 
seriously affect the recorder reading.
In preparing the test specimen, extreme difficulty was 
encountered in positioning the thermocouple on both the 
iron pipe and the copper tube. The solder would not easily 
‘tin* the thermocouples. The liquid solder reaction to the 
thermocouple was similar to that of mercury on glass. The 
thermocouples were positioned on the first specimen by build­
ing up a large bead of solder and holding the thermocouple 
in the bead until it hardened. In some cases the beads 
were \ inch across and inch high. The solder would not 
‘tin1 the iron pipe very well although it flowed well 
enough on the copper tubing.
In order to get a smaller mass of metal in the thermo­
couple junction the leads were brought together from an angle, 
instead of twisting, and fused together. (Refer Pig. 5)
By checking these thermocouples with
Pig. 5 TWISTED THERMOCOUPLE & BUTT-WELDED THERMOCOUPLE 
the recorder using water baths with a mercury thermometer it 
was shown that this method did not effect the accuracy of the
29
thermocouple. Greater care had to be exercised in handling 
these smaller thermocouples to prevent them from breaking at 
the junction.
When the next group of thermocouples were installed, 
concentrated hydrochloride acid was used on the copper tube, 
iron pipe, and the thermocouple junction. At this time it 
was determined-that when the thermocouple leads were fused 
together apparently the structure of the metal underwent 
either a chemical or physical change. After the leads were 
fused together it was almost impossible to ‘tin* the thermo­
couple. If the leads were not fused together they could be 
tinned. This was done by dipping the ends in hydrochloric 
acid, washing them off with water and then using resin core 
solder. This group of thermocouples were installed on the 
specimen with open junction wires, relying on the soldei’ to 
complete the circuit. Testing the response with water baths 
of known temperature indicated that these thermocouples were 
reading accurately.
In the initial installation, the thermocouple leads 
were placed parallel to the pipe running through the coil.
The temperatures recorded showed very poor correlation (refer 
to Hun No. 1 and 2). The size of the solder beads and the 
orientation of the thermocouple wires being parallel to the 
pipe were considered to be the principle sources of errors. 
The beads of solder by projecting up an appreciable distance 
were cutting additional lines of magnetic force thereby in­
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Pig. 7 TEST s p e c i m e n  i n  m a g n e t i c  f i e l d  o f  i n d u c t i o n
HEATER COIL
For the same reason it was suspected that the thermocouple 
leads were also having heat generated in them and were con­
ducting part of the heat to the thermocouple junction raising 
the temperature. By taking the leads out radially between 
the coils a minimum area would be exposed to the magnetic 
field. To determine whether this was the difficulty, after 
one run was completed, two of the leads were disconnected 
and reconnected parallel to the pipe. One lead was located 
near the end of the iron pipe and at a point about from 
the end of the pipe, the other was 8" from the end. The 
induction heater was started and the flow and power adjust­
ed until the first run was duplicated. Both of the thermo­
couples that were aligned parallel to the pipe showed approxi-
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mately a 20 degree increase in temperature indicating heat 
conduction from the thermocouple into the Junction is an 
important factor in these' tests.
At the end of test one, the amount of heat added to the 
water at different flow rates was Inconsistent with the pro­
cedure of the experiment. Because^of the small temperature 
rise of the water, it was decided that the thermocouple 
readings taken off the recorder chart were not accurate 
enough to obtain quantitative estimates of the heat flow, 
even through the recorder scale had been expanded.
A group of mercury thermometers with a range of 0°P to 
120°F were compared and two of the thermometers that agreed 
o within one tenth of a degree of each other over a range of 
70°P to 110°F were selected to- monitor the inlet and exit 
water temperatures. One thermometer was placed in the weir 
tank. It was assumed that.the temperature of the water in 
the weir tank was identical to the temperature of water en­
tering the test section since water was supplied to each 
place by a common pump.. A pressure guage .downstream of the 
test section was removed and a thermometer installed at that 
location (refer Pig. 7). Since pressure drops were not of 
importance in this test, removal of the pressure guage. did 
not detract from the experimental setup. The fitting that 
attached the pressure guage (refer Pig. 8) was removed and the 
thermometer was passed through it bulb end first for a distance 
of 2 inches. A number two rubber stopper was bored out to give
33
a snug fit on the thermometer barrel. Then the lower one
Figure No. 8
third of the stopper was cut off and placed on the thermo­
meter barrel. While taking care not to snap the thermometer 
the stopper was forced into the cavity of the plug. The bulb 
of the thermometer was positioned with half of the bulb being 
below the centerline of the pipe. After this modification 
the apparatus was reassembled for another test.
After run No. 2, there were still inconsistencies in 
calculating the heat added to the water, but the inconsis­
tencies were not large. At this time it was noted that the 
temperature of the inlet water showed a slight variation. A 
quantity of water had been added to the pump and apparently 
it was not thoroughly mixed at the time of the run. Because 
of this it would be possible to have small variations in the 
inlet temperature readings.
3^
The correlation of the measured and calculated heat 
transfer coefficient at the end of this run was very poor. 
The measured value of film conductance was obtained from the 
following equation -
while the calculated value was obtained from the generally 
accepted semi-empirical Dittus-Boelter equation.
The surface temperature values were examined and since they 
were very erratic their value was questioned. In checking 
through Conduction Heat Transfer (1957) Schneider, P. J., 
page 162-163, it was suspected that a non uniform tempera­
ture distribution existed around the circumference of the 
test specimen. Referring to High Frequency Induction Heat­
ing (19^ )  Curtis, Prank W., page 62, it was indicated that 
a temperature buildup because of the change of the path of 
eddy currents could exist at or near a sharp break in the 
surface such as a slot. Also there was some question about 
the thermocouple connection as discussed earlier. To cir­
cumvent the difficulties Imposed by the slot, a pipe was 
sawed in two and soldered to the copper tube with the slots 
brought almost together. (Refer Pig. 10) A number of small 
holes were drilled approximately ninety degrees from the 
slots in the pipe and thermocouples were attached to the 
copper tube through these holes. These small holes mini­
mized the non uniform temperature effects of the slot.
(15)
(c) Cross Sectional View of 
Positioned Thermocouple
Fig. 9 Test Specimen No. 2
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Run 3 surface temperature data was obtained from five 
thermocouples, (refer Fig. 9a). The temperatures were 
averaged and the measured film conductances calculated. The 
correlation with the Dittus-Boelter equation was within accept­
able limits, 0$ to -f-l4$. The correlation with the Colburn 
equation was somewhat better, -8$ to +5$. Although the range 
of deviation was about the same, the deviations were approxi­
mately evenly distributed above and below the measured film 
coefficient.
Run number four had the same experimental setup as run 
three with the exception that seven additional thermocouples 
were added to the tube surface. The heat input showed a con­
sistent distribution of values. The correlation of measured 
and calculated film conductances were not acceptable at the 
upper flow limits, 35$. The temperature profiles were match­
ed with those of run three. One thermocouple Tj^ , indicated 
a reading approximately 15° higher throughout this run com­
pared to its reading during run three. Because another of 
the thermocouples was inoperative its value was estimated in 
determining the average tube surface temperatures. Of the 
outer iron pipe surface temperatures recorded during these 
runs only two had any significance. Because of the diffi­
culty in securing the thermocouple with a flat bead of solder 
to the iron pipe it is exceedingly difficult to obtain a set 
of temperature values that show an acceptable correlation with 
the inner tube surface temperatures.
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The test setup of run number five was the same as run 
number three, with the exception that thirteen thermocouples 
were attached to the tube surface instead of seven. (Refer 
Fig. 9b) The six added thermocouples were positioned approxi­
mately at the mid-points between the existing seven thermo­
couples. The correlation between the measured heat transfer 
coefficient and the heat transfer coefficient using the Col­
burn equation was within a range of -4.6$ to 7.8$. The corre­
lation between the measured heat transfer coefficient and that 
obtained using 'hv,“ j
was within a range of 1.3$ to 12.1$. For this run the King 
equation had a smaller magnitude of deviation, whereas the 
Colburn equation had a better distribution about the measured 
value.
In connecting the temperatures on Plates one, three, 
nine, straight lines were used because the actual temperature 
path is not known. The thermocouples located at 7.88 inches 
and 10.38 inches were found to have an excess of solder after 
the run. A value was estimated for these two by connecting 
the points at 7.0 and 8. for the thermocouple at 7.88 and a 
straight line projecting across 8. and 9« to the ordinate of 




The analysis of temperature drop through the pipe wall 
was made using the following assumptions:
1. Steady state conditions existed at the time of the 
readings.
2. Uniform temperature distribution around the pipe 
and tube.
3. Temperature gradients parallel to the axis of the 
pipe and tube were negligible.
k. Thermal Conductivity is constant.
The Fourier conduction equation is:
V  V  +  = - c ^ - & £
or
AV** — /c M/' & £
where V  is the Laplacian operation 
For steady state conditions -
dt?
= o
and for rectangular coordinates
„  + < ? V
9 m " j y *
transforming to cylindrical coordinates
ZA — +  -t -L C ?  . d Xj~
* J A 7- x d 2 x
By assumption (2)
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and by assumption (3)
d xX . G v-?*/.- d x£  + £ t7*+ *Jn >o
°/ v  * <?/**. * s\#/\ i / A V  X  +  = O
If the heat generation is assumed to occur at the extreme 
outer surface, the expression becomes:
J. __ /o
or since temperature is a function of r only




^ ^ • v =  c, ^  = c ', y . = j=.'
= +- A  /&(.£ <£_ A
*  & '  T f c *  J a ' A " ^ 1
4 4 -  +  ~ = 4 ' ,  _ +- f-
A i r A Z f x  *  ^  '
fjjt- = ft-fa-■ S
4 ,  sJ-V'&Jt A '
ko
If the heat is uniformly generated through the wall of 
the pipe the expression becomes:
t
I St + lit Q
^  <9J> A
o\
9  fi*
*  ^  ' 7 t ~  T f c
e L f c + j t =  - j f
■A ~  -  ^
J  ol± +
7 f c  7 1  ^  + A "
a
One form of solution to this equation is
P-A
q  =  - J l  
A
+  c  =  A p y *
- s  a tC — Jt—A-t-C
: v >  +  c .  a
z.
7-




f "  K )  -
f*Q\Z'h!)  ® Z A  a, (A-Af)
Z 7 t A , £
Sample Calculationss
Data taken from run No. 5 at mass flow of 840 LBS/HR 
Q = 9227.5 BTU/HR
Average surface temperature = 170.3°F = t^ 
r^ = .31 inches 1 = 1  foot
r2 = .42 Inches 
k = 30 BTU/(HR)(°F)(Ft)
I Heat being generated at outer surfacet  _ t  =_ * £ ___x, a ,
2 *1 ZTsAZ - * * 1
t2=tl ttfc- /) 170.3 SrO«X»
t2 = 170.3 + 14.8 = 185.1 *F





t 2 = 170.3 + 10.2 = 180.5 °F
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V. TEST EQUIPMENT
A front view of the equipment used in this study is 
shown in Figure VII.
INDUCTION HEATER
The Induction heater used in this experiment was a 
Westinghouse single phase multipurpose heater. It is compos­
ed of a motor generator set with a fixed frequency of 9^ 00 
cycles per second. The motor generator set is cooled by cir­
culating water. It is protected from overheating by relays 
located in the motor which automatically shut off the set 
when the water reaches a temperature of about 90°F, or the 
water gauge pressure falls below forty pounds per square inch. 
The motor heater is capable of supplying voltage over a range 
of 12§ to 800 volts. The induction coil used was made of 38” 
diameter copper tubing, consisted of 15 turns and was approx­
imately 12" long. The tubing was connected to the coolant 
water supply. This was necessary to keep the tubing cool 
while it was being used as an Induction coil.
COOLANT WATER
The coolant water for the induction heater motor-genera­
tor set was taken from the steam turbine condenser of the 
Missouri School of Mines power plant.
PROCESS COOLANT WATER
The water used in the actual experiment was taken from 
the cistern in the Mechanical Engineering Building. It was 
conveyed to the test section via a hose connected to the drain 
plug opening of one of the centrifugal pumps used in filling 
the weir tanks. The pump was driven by a General Electric 
5 hp variable speed d.c. motor.
FLOW MEASUREMENT
The process coolant water was measured by a 'differential 
pressure* type meter made by the Minneapolis Honeywell Regu­
lator Company. The flow magnitude was recorded on a circular 
chart calibrated to make one rotation in 24 hours. The meter 
was calibrated by an actual test series. The results are con­
tained in the Appendix (refer Table 12)
RECORDER
The recorder is a Wheelco continuous null balance type 
d-c potentiometer. The recorder is equipped with circuitry 
and automatic switches to monitor sixteen thermocouples.
The signals received are printed on a continuously moving 
chart. The range of the recorder can be changed by inter­
changing a company manufactured circuitry 'card'.
THERMOCOUPLES
The thermocouples used were iron-constantan both 2o 
gauge and 24 gauge were used.
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WATER TEMPERATURE MEASUREMENT
The initial inlet and outlet water temperature was 
measured by iron-constantan thermocouples which were placed 
in the inlet and outlet flow pipes. This is illustrated in 
Figure 7. The emf of the thermocouples were measured and 
recorded on the recorder. Subsequent inlet and outlet 
water temperatures were measured by mercury thermometers.
TEST SPECIMENS
The test specimens used in this test are shown in 
Figures 10A, 10Bo
The first specimen was prepared by boring out a 12" 
section of ■§•" I.D. IPS pipe to a diameter of 5/6". Then a 
slot was cut through the side for the entire length of the 
section. A 30" section of 5/8" copper tubing was passed 
through the pipe and one end of the tube projected 6" beyond. 
This assembly was then heated with an acetylene torch and 
acid flux was run into the space between the inner pipe sur­
face and the outer tube surface. After the pipe and tube 
were fluxed the torch was applied again and solder was 
flowed into the space between the pipe and tube. To keep 
the hot solder from running out at the ends of the pipe, 
several turns of glass tape was wrapped around each end. 
Thermocouples were then placed in the slot and attached to 
the copper tube with beads of solder. (For later runs thermo­
couples were also attached to the pipe surface.) The thermo­
couple leads were then laid along side the iron pipe and the
Fig. 10 Test Specimens
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specimen was wrapped with asbestos cloth.
The second specimen was bored out in the same manner 
as the first, but instead of slotting the pipe it was longi­
tudinally sawed into two pieces. Concentrated hydrochloric 
acid was then poured on the inner surfaces of the two halves. 
After the acid had worked for a few minutes the halves were 
washed in running water. The torch and flux were applied and 
then solder was run onto the inner surfaces of the halves un­
til they were well tinned. Hydrochloric acid was then poured 
on the copper tube along the section it was to mate with the 
iron pipe. After approximately one minute the acid was 
washed off with water. The tube was then tinned in the 
same manner as the iron pipe. In tinning both the tube and 
pipe, surplus solder was deliberately left on both. After 
tinning, the two halves of the pipe were positioned on the 
tube and held securely with three clamps. Heat was applied 
an.d as the solder began to soften, the clamps were tightened. 
This was continued until both halves appeared to be In good 
physical contact with the copper tube. Seven holes were 
drilled in the iron pipe prior to mating it to the copper 
tube. A l/l6n hole was drilled tangent to the copper tube 
at the bottom of the hole for a distance of approximately 
1/8n . (Refer Fig. 9C ) Thermocouples were then placed in 
these holes and soldered in place. Small slits were then 
made in the asbestos cloth to permit the thermocouple leads 
to project out radially from the specimen while wrapping it 
with asbestos.
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V I . TEST PROCEDURE
The following procedure was used for this test.
1. The test specimen after fabrication was positioned 
in the induction coil. Then the pipe fittings at both ends 
of the copper tube were attached to the process coolant 
water pipes.
2. The thermocouples were then numbered sequentially 
and attached to the respective terminals in the recorder.
3. The hoses were then connected to the test section.
One hose connecting the cistern pump to the inlet side of 
the test section. The other hose was connected to the out­
let side of the test section with the other end of the hose 
placed in a drain to the cistern. This conserved cistern 
water. The cistern pump was then primed and started. The valve 
between the cistern pump and connecting hose was opened per­
mitting water to flow through the test specimen.
4. The motor generator coolant water circulating pump 
was started. By starting it several minutes before the run 
it had time to stabilize or lose its ’prime* if it were going 
to. If a pump is not maintaining the desired head (gage pres­
sure) it is said to be losing its prime, whereas if it is 
maintaining the desired head it is holding its prime. If the 
coolant pump lost its prime, the cooling tower circulating 
pump was started. This increased the head on the motor gen­
erator coolant pump and usually enabled it to regain prime 
almost immediately.
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5. The flow control valves on the test section were 
opened to the maximum flow. This purged all the air from the 
lines.
6. The flow meter recorder was turned on.
7. The Wheelco recorder was turned on and the reference 
Junction thermocouple placed in an ice hath. The temperatures 
on the recorder were checked for discontinuities.
8. The motor generator set for the induction heater 
was started.
9. The flow control was adjusted until the flow meter 
read 50.
10. The induction coil was put into operation by press­
ing the excitation, and the high frequency power buttons.
Then if current was leading or lagging, 30, 6o, or 90 kvars 
were added or removed as needed.
11. The powerstat was then adjusted until the desired 
temperatures were obtained.
12. When the recorder indicated steady state conditions 
were reached, the recorder chart was marked and the flow rate 
was changed to the next desired reading. Then step number 11 
was repeated. This procedure was repeated until the maximum 
flow rate was achieved.
13. After maximum flow readings were marked the power­
stat was turned back to zero. Then the induction coil was 
'shut off by pressing the excitation off button.
1 4 . The motor generator set was turned off.
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15. When all the thermocouples Indicated the test 
specimen wag at the same temperature as the process coolant 
water, the flow was stopped.
1 6 . After the motor generator set was turned off for 
approximately 5 minutes the motor generator circulating pump 
was turned off.
17. The section of the recorder chart containing test 
data was removed from the chart roll. The flow meter circu­
lar chart was removed and the flow meter turned off.
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No. Lb/Hr t(in) t(out) T2 T3 T4 T5 T6 Temp.Op Temp.op
1 840 76 83 149 205 176 164 162 171 79.5
2 1010 76 82 146 195 168 156 156 164 79
3 1200 76 83 152 197 166 155 156 165 79.5
4 1290 76 83 154 197 163 151 152 163 79.5
5 1400 76 82 151 188 158 147 148 158 79
6 1595 76 82 151 179 151 141 143 153 79
7 1800 76 80 148 174 14? 138 140 149 78
8 I960 76 81 146 166 142 132 133 144 78.5
9 2110 76 81 147 166 140 131 132 143 78.5
10 2240 76 80 146 161 137 128 129 140 78









No. Btu/ftr h hl
1 5869.7 392.7 597.1
2 6o49.3 435.7 691.9
3 8385.2 600.4 79^ .3
4 9014.1 660.9 841.6
5 8385.2 649.8 898.5
6 9553.2 790.3 997.3
7 7187.3 619.7 1098.6
8 9782.8 914.4 1176.1
9 10531.5 999.6 1247.5
10 8944.3 883.2 1308.7
9/16* Copper Tube With Slotted Iron Pipe Shield













Plow Water Temperature op Tube Surface TemperatureOp Pipe Surface Temperati op
Lb/Hr t(in) t(out) t2 T3 T4 % T6 T7 T12 T o13 T , l4
84 0 76.5 81.0 116 154 146 129 129 l4l 142 132 165
1020 76.3 80.3 117 152 142 125 125 l4l l4o 129 164
Il60 76.1 79.7 115 146 136 119 120 135 133 124 161
1400 76.0 78.9 112 137 129 112 113 131 125 116 155
1610 75.9 78.3 111 131 124 106 108 121 118 111 150
1810 75.8 78.1 111 128 121 104 105 127 117 109 149
1970 75.7 77.8 111 125 118 102 104 127 116 108 149
2120 75.6 77.7 109 122 117 100 102 127 117 107 148
2240 75.5 77.'t 109 121 116 99 101 126 110 105 146
9/l6" ID Copper Tube With Slotted Iron Pipe Shield
Run No. 2
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Run Aver. Aver. Aver. Heat Film Coefficient
Water Tube Surface Pipe Surface Abosrbed By-
Btu/Hr• 0 _No. Temp. Temp. Temp. Water -Ft -°Fop Op Op Btu/Hr h hl
1 78.8 136 146 3773.3 452.1 595.7
2 78.3 134 l44 4072.8 501.3 695.8
3 77.9 128 139 4i68.6 570.9 771.3
4 77. 122 132 4052.8 619.6 896.5
5 77.1 117 126 3857.2 663.9 1002.5
6 76.9 116 125 4155.7 730.5 1101.0
7 76.7 114
•=r CVJ 1—1 4326.4 820.0 1178.2
8 76.6 113 124 4444.2 840.2 1249.4
9 76.4 112 120 4248.5 821.1 1305.7
9/16" ID Copper Tube With Slotted Iron Pipe Shield
















1 850 76 8 87.0 127 179 194 17 135 161.0 81.9
2 990 76.8 87.0 130 182 199 171 133 163.0 81.4
3 1160 76.8 86.0 28 176 194 165 130 158.6 81.4
4 1390 76.8 85.8 132 179 200 166 130 161.4 81.3
5 1610 76.8 85.7 134 181 207 168 130 164.0 81.2
6 1810 76.8 85.2 135 181 208 165 130 163.8 81.0
7 1970 76.8 85.0 135 180 209 164 128 163.2 80.9
8 2100 76.8 84.7 135 179 209 162 28 162.6 80.7
9 2240 76,8 8 .2 134 177 208 159 126 160.8 80.5




No. Btu/Kr h hl h2
1 8653.5 752.3 751.5 690.1
2 9091.6 766.2 848.9 779.6
3 10651.7 951.0 963.7 885.0
4 12486.2 1076.0 1113.8 1022.8
5 13980.3 1166.7 1252.7 1150.4
6 15175.1 1267.8 1375.8 1263.4
7 16123,3 1356.6 1472.3 1352.0
8 16558.4 l4 00.7 15^9.3 1422.9
9 1655^.5 1427.9 1631.6 1498.3
9/16” ID Copper Tube With Perforated Iron Sheath 
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850 77.0 86.3 128 158 200 204 15* 128 167 81.7
1020 77.0 85.^ 132 156 200 203 150 126 166 81.2
ll60 77.0 85.2 13^ 156 202 209 1*6 126 167 81.1
1400 77.0 84.7 133 152 198 207 1*1 120 163 80.9
1610 77.0 84.0 133 148 197 206 139 118 160 80.5
1810 77.0 83.6 13^ l1! 5 19^ 205 136 116 160 80.3
1980 77.0 83.2 135 144 195 208 -135 115 160 80.1
2110 77.0 83.0 138 145 197 210 136 118 162 80.O
224 0 77.0 82.9 138 145 198 213 135 117 162 80.0
9/16H ID Copper Tube With Perforated Iron Sheath **'/
Run No. 4
Run Q
No. Btu/Hr h h2
1 7893*1 638.0 690.1
2 8555*1 691.9 798.4
3 9497*7 759*8 885.0
4 10763.8 904.6 1028.7
5 11253.0 982.6 1150.4
6 11228.0 1029.0 1263.3
7 12257.5 1057.8 1357.4
8 12641.0 1064.4 1428.2
9 13196.1 1111,7 1498.2
Bun No. 4 (Con*t)
























Flow Water Temperature Tube Surface Temperature°F
Lb/Hr t(in) t(out) T2 T3 T4 T5 T6 T7 T8 T9 T T T 10 11 12 T T> 13 14
84 0 77.2 88.2 142 149 167 172 175 182 205 181 189 177 173 173 144
1000 77.2 87.9 145 150 170 174 176 183 208 179 188 175 173 174 145
ll60 77.2 86.9 145 146 166 167 169 176 2o4 173 182 168 166 168 139
1400 77.2 86.2 147 144 163 166 168 175 208 172 180 165 162 167 138
1620 77.2 85.8 150 146 165 166 166 173 208 169 178 163 161 167 136
1800 77.2 85.7 155 145 165 167 167 175 212 172 180 164 l6l 168 136
1970 77.2 85.4 160 146 166 167 167 175 214 171 181 163 l6l 169 136
2110 77.2 84.8 160 144 163 164 164 171 210 167 175 160 157 165 132
2230 77.2 84.6 159 142 162 163 163 170 213 167 178 159 156 165 132














Temp.op Temp.op Btu/Hr hl h2
170.3 82.7 9227.5 724.4 690.7
171.1 82.6 10685.3 831.4 794.1
165.5 82.1 11236.8 928.8 894.2
164.6 81.7 12582.9 1047.8 1039.4
167.7 81.5 13913.1 1115.0 1168.1
165.5 81.5 15279.3 1258.7 1270.8
165.5 81.3 16132.1 1326.8 1366.0
162.2 81.0 l6oi4.3 1366.4 1443.1
162.6 00 0 * VO 16479.7 1398.0 1508.4
9/16** ID Copper Tube With Perforated Iron Sheath












The following conclusions can be drawn from the tests 
conducted.
A good correlation of experimental and empirical heat 
transfer coefficients can be established using the induction 
heater as a heat source.
This correlation is dependent upon the ability to 
properly measure the inside surface temperatures and to 
determine the temperature profile of the specimen within the 
coil.
Temperatures can be measured in an induction coil field 
vising thermocouples.
APPENDIX
A. EVALUATION OF WATER CHARACTERISTICS
To facilitate the determination of the physical proper 
ties of water the following correlation charts were drawn. 
Specific heat versus temperature 
Viscosity versus temperature 
Thermal Conductivity versus temperature 
Density versus temperature
The data on density, specific heat, and thermal conduc 
tivity were obtained from p. 500 of Heat and Mass Transfer, 
Eckart, E. R. G. and Drak, Robert M. (1959) McGraw-Hill.
The data on viscosity was obtained from, The Handbook of 
Chemistry and Physics. Chemical Rubber Publishing Company,
(1953). Cleveland, Ohio, p. 1992-199**.
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68 0.99883 1.0050 0.345 62.46
86 0.99802 0.8007
104 0.99804 0.6560 0.363 62.09
122 0.99854 0.5494
140 0.99943 0.4688 0 .376 61.52
158 1.00067 0.4061
1?6 1.00143 0.3565 0.386 60.81
194 1.00437 0 .3 16 5






B. CALIBRATION OF COOLANT WATER FLCW METER
Since a full flow range chart of the flow meter was not 
available a calibration test was performed. The apparatus 
used to determine the flow rate consisted of a 50 gallon drum 
with a quick close valve located in the bottom, platform 
scales, and a stopwatch.
The calibration was performed under actual operating 
conditions. The drum was placed on the platform scale with 
the drain valve open. A hose was connected to the test speci­
men outlet and was securely positioned Just above the drum.
The coolant water pump was started and the valve regulating 
flow rate was opened to maximum flow. This was done to re­
move all air from the line. After 5 minutes the valve was 
closed until the flow meter indicated the desired reading.
The first reading was 25 and as soon as the flow meter 
appeared to be stabilized at this reading, the platform 
scales were set at some value greater than the weight of the 
drum. The quick close valve was then closed and when the 
weight of the water in the drum became great enough to raise 
the scale arm the stopwatch was started. The scale setting 
was then adjusted to a value 50 lbs. greater. When the weight 
of the water raised the scale arm this time the watch was 
stopped. The drum was emptied, and the time required to 
collect the 50 lbs. recorded. The flow rate was increased 
until the flow meter read 50 and the entire procedure was re­
peated in flow meter increments of 25 until the full scale 
value of 400 was reached.
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Flow rates in Ibs/hr were calculated by:
SO lb -v 3600/sec) = Flow f LbsJ 
































25 50 2 8 4 . 0 634
50 50 2 1 3 . 0 845
75 50 1 7 7 . 0 1017
100 50 1 5 0 . 0 12 00
125 50 1 4 0 . 0 1286
150 50 1 2 9 . 0 1395
175 50 1 2 0 . 0 1500
200 50 1 1 3 . 0 1593
225 50 1 0 5 . 0 1714
250 50 9 9 . 0 1818
275 50 9 5 . 0 1895
300 50 9 1 . 5 1967
325 50 8 8 . 5 2038
350 50 8 5 . 0 2 1 1 8
375 50 8 2 . 5 2182
4oo 50 8 0 . 5 2236
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